Mitochondria mtDNA DNA polymerase γ DNA damage response Dorsal root ganglion neurons Neurotoxicity Cytarabine (ara-C) A B S T R A C T Peripheral Nervous System (PNS) neurotoxicity caused by cancer drugs hinders attainment of chemotherapy goals. Due to leakiness of the blood nerve barrier, circulating chemotherapeutic drugs reach PNS neurons and adversely affect their function. Chemotherapeutic drugs are designed to target dividing cancer cells and mechanisms underlying their toxicity in postmitotic neurons remain to be fully clarified. The objective of this work was to elucidate progression of events triggered by antimitotic drugs in postmitotic neurons. For proof of mechanism study, we chose cytarabine (ara-C), an antimetabolite used in treatment of hematological cancers. Ara-C is a cytosine analog that terminates DNA synthesis. To investigate how ara-C affects postmitotic neurons, which replicate mitochondrial but not genomic DNA, we adapted a model of Dorsal Root Ganglion (DRG) neurons. We showed that DNA polymerase γ, which is responsible for mtDNA synthesis, is inhibited by ara-C and that sublethal ara-C exposure of DRG neurons leads to reduction in mtDNA content, ROS generation, oxidative mtDNA damage formation, compromised mitochondrial respiration and diminution of NADPH and GSH stores, as well as, activation of the DNA damage response. Hence, it is plausible that in ara-C exposed DRG neurons, ROS amplified by the high mitochondrial content shifts from physiologic to pathologic levels signaling stress to the nucleus. Combined, the findings suggest that ara-C neurotoxicity in DRG neurons originates in mitochondria and that continuous mtDNA synthesis and reliance on oxidative phosphorylation for energy needs sensitize the highly metabolic neurons to injury by mtDNA synthesis terminating cancer drugs.
Introduction
Peripheral nervous system neurotoxicities incidental to cancer therapies hinder effective drug dosing and compromise efficacy of treatments [1] [2] [3] . To address this issue, the mechanisms by which antimitotic drugs injure postmitotic neurons need to be clarified. To this end, we developed an in vitro model of anti cancer drug toxicity to the peripheral nervous system, using cultured dorsal root ganglion (DRG) neurons. Unlike the central nervous system neurons, DRG neurons are not protected by tight blood barrier and readily accessible to circulating compounds. For a proof of mechanism study, we chose the chemotherapeutic drug cytarabine (ara-C), a cytosine analog, which works as 'chain terminator' of DNA synthesis and leads to blockade of cancer cell proliferation [4] [5] [6] [7] . Ara-C serves as first line chemotherapy in treatment of acute myeloid leukemia as well as other hematological cancers [6, 8] . While ara-C mode of action in proliferating cells is well understood [9, 10] and germane to other classes of antimitotic drugs which also hinder DNA synthesis [11, 12] , limited work was done to address mechanisms underlying adverse effects of ara-C in postmitotic cells, which do not replicate DNA, and particularly in the context of the peripheral nervous system [13] [14] [15] . To act as effective 'chain terminator' ara-C must first be incorporated into DNA. While postmitotic neurons do not replicate their genomic DNA, they continuously replicate mtDNA in support of vigorous mitochondrial biogenesis necessitated by high-energy demands in highly metabolic neurons.
Here we investigated whether features inherent to DRG neurons, namely their high mitochondrial content, reliance on mitochondria for energy needs and limited shielding from circulating compounds by the blood nerve barrier [16] , make DRGs particularly sensitive targets for chemotherapeutic drugs. We show in vitro that the mitochondrial DNA polymerase γ, which is responsible for mtDNA synthesis [17] , is strongly inhibited by incorporated ara-C suggesting that in vivo induced ara-C DRG toxicity might be initiated by impediment of mtDNA synthesis [18] and resultant impairments of mitochondrial function. We found that in DRG neurons, sublethal ara-C exposure leads to increased production of reactive oxygen species (ROS), formation of oxidative adducts in mtDNA, reduction in mtDNA copy number and mitochondrial content, as well as, compromised mitochondrial respiration. Recent evidence supports the notion of retrograde cross talk from mitochondria to nucleus that involves stress signaling and activation of the DNA damage response [19, 20] . Elevated mitochondrial ROS has been previously implicated in induction of oxidative DNA damage and genomic instability [21, 22] . Here, consistently with this scenario, we observe chromatin modifications detectable by immunoreactivity of phosphorylated forms of the histone variant H2AX (γH2AX) and of ataxia-telangiectasia mutated (ATM), a PI3-family kinase [23, 24] . Phosphorylated γH2AX and γATM proteins are involved in oxidative stress and damage signaling and nuclear foci containing the phosphorylated forms of these proteins are considered biomarkers of modifications that facilitate chromatin decondensation and activation of the DNA damage response (DDR). Considered together, our findings support causal link between impediment of mtDNA synthesis, resultant respiratory compromise and subsequent activation of the DNA damage response in DRG neurons exposed to sublethal ara-C treatment.
Methods

Culture and treatment of mouse dorsal root ganglion (DRG) neurons
The University of Texas Medical Branch Institutional Animal Care and Use Committee approved all mouse-handling procedures. Dorsal root ganglion neurons were isolated from 3 to 4 months old C57BL/6 male mice (Envigo Laboratories, USA) according to established protocols [25] [26] [27] and as we described [28] [29] [30] . Briefly, ganglia were collected from all spinal levels, placed in cold dissecting solution (130 mM NaCl, 5 mM KCl, 2 mM KH2PO4, 1.5 mM CaCl2, 6 mM MgCl2, 10 mM glucose and 10 mM Hepes, pH 7.2), incubated with collagenase A (Roche) and trypsin (1 h/37°C) followed by DNase I (Roche), dissociated by 20 gentle triturations and spun (175 g/3 min). Pellets were passed through 70-μm strainer and re-suspended in DMEM/F12 (Sigma) with 10% FBS, 10 ng/ml nerve growth factor (Sigma) and penicillin/ streptomycin. Cells were seeded on pre-coated (10 µg/ml laminin and 100 µg/ml poly-L-ornithine, Sigma) glass coverslips or wells at (4−5) × 10 3 and 3 × 10 4 /cm 2 , respectively. Treatments were initiated 24 h post seeding when neurite network has been established. Cytarabine (ara-C) purchased from MP Biomedicals (Solon, OH) was dissolved in DMSO and stored as 10 mM stock solution at −20°C. Stock was diluted 1:10 with complete culture medium prior to supplementation at 50 µM for indicated incubation times.
Immunofluorescent staining
DRG neurons seeded on coverslips were treated as indicated and fixed in 4% paraformaldehyde as we described [28] [29] [30] . Cells were permeabilized with 0.1% Triton X-100/0.1% sodium citrate in PBS and incubated with 3% BSA (w/v)/1% Donkey serum (v/v) in PBS. Primary antibodies were: rabbit anti-Neurofilament 200 (1:20,000, Sigma-N4142); mouse anti-COX1 (1:1500, Millipore-459600); mouse anti-8-oxoguanine (1:200, Millipore #MAB3560); rabbit anti-TFAM (1:2000, Genetex #GTX103231); mouse anti γH 2 AX (1:4000, Millipore #05-636) or rabbit anti γH 2 AX (1:1000, Santa Cruz SC-101696) and mouse anti-ATM phosphorylated at serine 1981 (1:1500, Cell Signaling #4526 L). For detection of 8-oxoG immunoreactivity, a published protocol [31] was used as follows: Coverslips were fixed in 100% methanol (−20°C), pretreated for one hour with RNase A (100 μg/ml), denatured with 50 mM NaOH (10 min) followed by 3 × 3 min washes in PBS and incubation with primary antibody. Subsequently, coverslips were washed 3× with 1% BSA and incubated 45 min with goat-anti mouse 488 and goat anti-rabbit 594 AlexaFluor secondary antibodies, mounted with Prolong® Gold Anti-fade with DAPI and viewed with 40× objective on Olympus IX71 with QIC-F-M-12-C cooled camera (QImaging, Surrey, BC) and QCapture Pro (QImaging) software.
In situ imaging of superoxide mediated dihydroethidium oxidation
Changes in superoxide levels were assessed in situ, in live DRG neurons by imaging superoxide-mediated oxidation of dihydroethidium (#D23107, Invitrogen) to 2-hydroxyethidium [32, 33] and as we previously described [28, 29, 34] . Briefly, upon termination of ara-C exposure, dihydroethidium was added at final concentration of 100 nM for 20 min in the dark. Incubation was terminated by quick washes with PBS and coverslips were mounted with DAPI containing mounting medium. Coverslips were observed with Olympus IX71 fluorescence microscope and images were captured sequentially with QIC-F-M-12-C cooled camera fitted with the QCapture Pro software. Fluorescence intensity of individual DRG neurons demarcated by circular boundaries was scored with ImageJ software (NIH) and exported to Excel for determination of average intensity and further analysis. At least 30 DRG neurons obtained in 3 independent experimental sets were scored for each condition.
mtDNA copy number determination by real-time quantitative PCR
Total DNA was isolated from~3 × 10 4 DRG neurons using easy DNA isolation kit (Life Technologies) and RNA was digested with RNase A (40 μg/ml/30 min/37°C). Real-time qPCR reactions were assembled in duplicates with 10 ng total DNA and SSO FAST Evagreen supermix (Biorad, Hercules, CA). The single-copy nuclear gene beta-2-microglobulin (B2M) was used as reference for determination of mtDNA copy number. A 180-nucleotide fragment of mitochondrial gene encoding cytochrome oxidase subunit 3 (COX3) was amplified after validation of qPCR data by targeting two additional mitochondria encoded genes, COX1 and ND1 that yielded similar results. mtDNA copy number was calculated using the formula: mtDNA copy number = 2 × 2 (CTC°xIII -CTB2M) [28, 35, 36] . Primers for COX3 (ID17710) were F-caattacatgagctcatcatagc and R-ccatggaatccagtagcca and for B2M (NM_ 009735) F-atccaaatgctgaagaacgg and R-atcagtctcagtgggggtga. Three sets of independent experiments were carried out and mean ± SEM values for mtDNA copy number were calculated.
Measurement of mitochondrial gene expression by real-time quantitative PCR
Total cellular RNA was isolated from cultured DRG neurons (4 × 10 4 /3.5 cm dish) using RNeasy plus mini kit (Qiagen) and reverse transcribed with iScript RT supermix (Biorad), which contains random as well as oligo dT primers. Real-time PCR was done with CFX96 RealTime System (Biorad) as we described [28] [29] [30] . B2M and 18 S gene transcripts were used as internal controls. PCR reactions were assembled in duplicates with SSO FAST Evagreen supermix (Biorad). PCR program was: 95°C 2 min, 40 cycles of 95°C 5 s, 55°C 15 s. Data represent averages of at least 3 sets of independent biological experiments. The relative amount of target gene RNA was calculated as described [37] using the formula: -ΔΔCt = [(CT gene of interest -CT internal control) sample -(CT gene of interest -CT internal control) control]. Primer sequences are listed in Table 1 .
Measurement of oxygen consumption rates (OCR)
Oxygen consumption rates (OCR) were measured using XF24 extracellular flux analyzer (Seahorse, Agilent) according to established protocols [38] [39] [40] and as we previously described [28, 29, 41] . DRG neurons were seeded in XF24 plates ([0.8-1] × 10 4 /well) and cultured as above. Culture medium was replaced with un-buffered Dulbecco's Modified Eagle's medium (Sigma, D5030) supplemented with 2 mM pyruvate/15 mM glucose/2 mM GlutaMAX (#35050, Invitrogen) adjusted to pH 7.4 and equilibrated in CO 2 free incubator at 37°C. Sequential additions of mitochondrial effectors were through ports of XF24 cartridges; effectors concentrations were optimized previously for DRG neurons to 2 µM oligomycin (O4876, Sigma), 2 μM carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP), (C2920, Sigma) and 1.8 µM antimycin A (A8674, Sigma). Changes in OCR invoked by injections of mitochondrial effectors served to compare respiratory parameters between control and test groups [38, 39] . The addition of 25 mM 2-deoxyglucose (2DG) serves to demonstrate that in control cultures inhibition of the glycolytic pathway leads to a small increase in OCR consistent with compensatory utilization of pyruvate or glutamine to fuel mitochondrial oxygen consumption. Baseline OCR was calculated by subtraction of non-mitochondrial OCR, i.e., oxygen consumption retained after the addition of mitochondrial respiratory complex lll inhibitor, antimycin A. Each parameter calculated for control cultures was assigned the value of 100%; effects of treatment were calculated as percent change relative to each respective control. Data are presented as mean ± SEM of four independent biological experiments.
DNA polymerase γ activity assays
Extension and bypass reactions catalyzed by mitochondrial DNA polymerase γ were assembled with 5'-end labeled annealed duplex oligonucleotide substrates containing a single cytarabine (ara-C) residue either at the 3'-end of the extended strand or in the template strand opposite incoming nucleotide, respectively. Extension substrate was prepared by annealing the 5'-end labeled ara-C containing 21-oligonucleotide (5'-ATT ACG AAT GCC CAC ACC GC[ara-C]-3') with complementary 26-mer oligonucleotide (3'-TAA TGC TTA CGG GTG TGG CGG CGT GA-5') and the bypass substrate by annealing the 5'-end labeled 21-mer (5'-ATT ACG AAT GCC CAC ACC GCC-3') with template 26-mer containing single ara-C residue at position 22 (3'-TAA TGC TTA CGG GTG TGG CGG [ara-C]GT GA-5'). Control substrates were assembled with identical oligonucleotides carrying non-modified cytosine residues. Reactions were assembled with 20 nM recombinant human DNA polymerase γ (#85, EnzyMax, LLC), end-labeled duplex substrate and 5 µM dGTP in 20 μl reaction buffer (50 mM Tris-HCl pH 8.0, 10 mM KCl, 10 mM MgCl 2 , 1 mM DTT, 10% glycerol and 5 µg BSA) and incubated at 37°C for 30-120 min. At indicated time points reactions were terminated with loading buffer (96% formamide, 20 mM EDTA, pH 8, 0.025% bromophenol blue and 0.025% xylene cyanol) and heated at 95°C for 5 min prior to loading. Reaction aliquots were resolved in 14% polyacrylamide, 7 M urea gels in Tris-Borate buffer, pH 8.3 at 14 mA; products were visualized by autoradiography and quantified by a Phosphorimager as we described [41] [42] [43] . Reaction yields generated in at least three independent experiments were quantified and values were used to calculate mean ± SEM yields of the [+1] product. . Measurements of total and reduced glutathione levels were carried out using the GSH/GSSG-Glo™ luminescence based kit (V6611, Promega™) following manufacturer's guide using 96-well white wall-plate format. Three sets of independent experiments were carried out and luminescence was read on TECAN FL200 plate reader.
Statistical analyses
Data are given as mean ± SEM obtained from 3 to 4 independent biological experiments, as indicated. Student's t-test was employed to compare the means among groups followed by post-test Tukey's analysis to determine differences in means of multiple groups or as indicated. P < 0.05 was considered statistically significant. MegaStat® package for Excel was used.
Results
Ara-C inhibits DNA polymerase γ (pol γ) catalyzed DNA synthesis
To examine the effects of incorporated ara-C residues on mtDNA transactions, DNA pol γ-catalyzed extension and bypass synthesis, as well as exonuclease activity were examined using accordingly designed ara-C residue-containing DNA substrates [ Fig. 1 ]. The 5'-end labeled oligonucleotide duplex substrates containing a single ara-C residue either at the 3'-end of the extended strand or in the template strand opposite the incoming nucleotide were assembled with recombinant pol γ and the templated dGTP, as we previously described [41] [42] [43] . Onenucleotide extension reactions on non-modified substrates yielded [+1] products in a time dependent manner [ Fig. 1 , lanes 2-4 and 8-10]. Formation of [+1] product was abolished on substrate containing an ara-C residue at the 3'-end [ Fig. 1, lanes 5-7] , likewise, the 3' to 5' exonuclease proofreading activity of pol γ (yielding the [−1] product) was eliminated on the 3'-ara-C containing substrate [lanes [5] [6] [7] . Similarly, the bypass reaction on template strand containing an ara-C residue opposite the incoming nucleotide was blocked [ Fig. 1,  lanes 11-13] . In combination, the data demonstrate inability of pol γ to eliminate incorporated ara-C and overcome the ara-C-imposed impediment of mtDNA synthesis.
Evidence for ROS formation and induction of oxidative mtDNA damage in ara-C treated DRG neurons
We used in situ detection of superoxide-mediated oxidation as surrogate for monitoring changes in ROS levels in DRG neurons incubated with ara-C [ Fig. 2 ]. Superoxide levels were assessed by imaging superoxide-mediated oxidation of dihydroethidium to 2-hydroxyethidium, observed as red fluorescence as we previously described [28, 29, 34] . Increases in dihydroethidium oxidation following incubation in the presence of 50 µM ara-C, were observed as intensification of red fluorescence in DRGs somas; fluorescence intensity normalized to cell surface area was quantified by ImageJ [ Fig. 2] . Detection of elevated ROS levels in ara-C treated DRG neurons, prompted us to ask whether mtDNA might be oxidatively damaged under these conditions. Because guanine is the most readily oxidizable DNA base, formation of 8-oxoguanine, an oxidized form of guanine was assessed as surrogate for oxidative damage to mtDNA [ Fig. 3 ]. For immunofluorescent detection of 8-oxoguanine (8-oxoG) in mtDNA coverslips were pre-treated with RNase A and pre-incubated with NaOH. Cytoplasmic 8-oxoG IF was observed in green and large DRG neurons were identified by the DRG specific cytoskeleton neurofilament 200 (NF200) protein [red] in somas and neurites [ Fig. 3A] . Green 8-oxoG IF was observed also in small DRG neurons, which do not react with NF200. Significant 8-oxoG immunoreactivity in majority of DRG neurons was observed by 16 h and persisted during the 48 h ara-C incubation period [ Fig. 3B ]. To ascertain that the observed 8-oxoG immunoreactivity co-localizes with mtDNA, coverslips were double stained for 8-oxoG and mitochondrial transcription factor A (TFAM), which binds to mtDNA. TFAM immunoreactivity [Fig. 3C , red] largely coincided with 8-oxoG IF (green), localizing 8-oxoG immunoreactivity to mtDNA [Fig. 3C, yellow, merged] . extension products generated by pol γ on modified and non-modified substrates are presented as percent mean ± SEM of 3 reactions sets. *** P < 0.001 indicates different from either extension or bypass reaction assembled with non-modified substrates. Fig. 2 . Ara-c exposure increases ROS in DRG neurons. In situ imaging of superoxide-mediated oxidation of dihydroethidium to 2-hydroxyethidium (2-HE) in ara-C exposed DRG neurons. Representative images: 2-HE is observed as red fluorescence and nuclei stain blue with DAPI; scale bar = 10 µm. Fluorescence intensity normalized to soma surface area and quantified by ImageJ, is presented as mean ± SEM of three biological experiments; in each set ≥8 neurons were sequentially scored per each condition; * P < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) mitochondrial protein, cytochrome oxidase subunit 1 (COX1) [Fig. 4A , green]. DRG neurons are identified by the DRG specific NF200 cytoskeleton protein [red] . Following 48-h ara-C exposure, COX1 intensity is diminished showing an aggregated pattern suggestive of reduced mitochondrial content [ Fig. 4A, green, arrowhead] . This observation was corroborated by temporal depletion of mtDNA measured using RealTime (RT)-qPCR analyses, which revealed~20% and 50% reduction in mtDNA copy number after 48 h and 72 h exposure to 50 µM ara-C, respectively [ Fig. 4B ]. In parallel experiments, RT-qPCR assays revealed 20% and~50% reduction in the expression of mitochondria encoded genes, ND1, COX1 and COX3, after 48 h and 72 h exposures to ara-C [ Fig. 4C ].
Ara-C exposure compromises mitochondrial respiration in DRG neurons
To examine whether ara-C mediated compromise of mtDNA in DRG neurons affects mitochondrial function, mitochondrial respiration was assessed using the Seahorse XF24 extracellular flux analyzer. Analyses revealed adverse changes in mitochondrial respiratory parameters following a 48 h exposure to 50 µM ara-C [ In ara-C exposed DRG neurons, TFAM largely co-localizes with the punctate green 8-oxoG immunofluorescence (merged image). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) mitochondrial respiration: of this baseline OCR,~70% support ATP synthesis, with~30% lost to proton leak. Spare respiratory capacity (SRC), which is defined as FCCP-induced increase over baseline OCR and considered an indicator of mitochondrial respiratory capacity, was calculated as about 250% for control cultures. As expected this steep increase in OCR following FCCP addition to control cultures, was reflected in a drastic reduction of oxygen tension in culture wells [ Fig. 5A , bottom graph]. Interestingly, the addition of 2-deoxyglucose an inhibitor of the glycolytic pathway, results in a slight increase in OCR, suggestive of compensatory augmentation of ATP production via mitochondrial oxidative phosphorylation fueled by pyruvate and/or glutamine. This response to 2DG is diminished in the ara-C exposed DRGs, plausibly due to mitochondrial compromise. The respiratory profile of DRG neurons was markedly changed following exposure to ara-C. In exposed cultures baseline OCR [ Fig. 5a , red] dropped by~30% versus control. A nearly 50% reduction in maximal respiration, as well as 30% decrease in spare respiratory capacity (SRC) were measured [ Fig. 5B ]. These changes were concomitant with a~20% increase in proton leak when compared to control cultures. In sum, the XF24 implemented 'mitochondrial stress test' revealed that the inherently high spare respiratory capacity of DRG neurons, which under normal conditions helps meet changing metabolic demands, was significantly compromised by ara-C exposures.
NADPH and GSH stores are reduced by ara-C exposure in DRG neurons
To determine to what extent ara-C induced oxidative stress and mitochondrial compromise are associated with unfavorable shift in NADP + /NADPH ratio, NADP + and NADPH levels were measured in cultures following 48-h exposure to ara-C [ Fig. 5C ]. Exposure decreased NADPH levels by~35%, indicative of diminished antioxidant capacity in the ara-C challenged DRG neurons [ Fig. 5C ]. As expected, supplementation of 6-aminonicotinamide (6AN), a competitive inhibitor of glucose-6-phosphate dehydrogenase and 6-phosphogluconate, the first two enzymes of the oxidative branch of pentose phosphate pathway [44, 45] , further diminished NADPH levels and increased NADP +/NADPH ratio. The glutathione system that uses NADPH to maintain reduced glutathione stores was similarly affected [ Fig. 5D ]. GSH levels were depleted and GSH/GSSG ratio was reduced with further reduction in the presence of 6AN, consistently with involvement of the oxidative branch of pentose phosphate pathway in generation of reducing equivalents in DRG neurons.
3.6. Nuclear γH2AX/γATM foci are temporally induced in DRG neurons by ara-C exposure and partially cleared in the course of post ara-C recovery
To determine to what extent ara-C induced mitochondrial compromise might be accompanied by nuclear manifestations, we monitored immunoreactivity of phosphorylated histone variant γH2AX, which in its phosphorylated form enables chromatin rearrangements that facilitate the DNA damage response. Following 24 h ara-C exposure, nuclear γH2AX foci were detected in~35% of DRG neurons. Foci density and the number of γH2AX positive DRGs increased to nearly 75% by 48 h and to~95% by 72 h of ara-C exposure [ Fig. 6A, green] . DRG neurons are identified by immunoreactivity of the cytoskeleton protein NF200 (red). Ara-c induced nuclear γH2AX foci (green) show relatively low density at 24 h with increasing foci density in time dependent manner [ Fig. 6A & B] . Formation of γATM positive foci, which largely coincided with γH2AX [ Fig. 7, green] , was also observed in the course of ara-C exposure. To assess colocalization of γH2AX and γATM positive foci and the extent of their clearance in the course of recovery, after 48 h incubation in the presence of ara-C, culture media were replaced and DRG neurons were let recover for 24, 48, 72 or 96 h. In the course of recovery, nuclear foci density gradually decreased with just few large foci per nucleus detected after 48 h recovery with continued reduction in nuclear foci number throughout the 96 h recovery period [ Fig. 7A , merge]. Interestingly, nuclear γH2AX and γATM foci co-localized not only during exposure but also in the course of post ara-C recovery [ Fig. 7A & C] , plausibly reflecting ongoing nuclear DNA repair processes en route to containment of the remaining DNA damage within a few larger chromatin domains, with γH2AX/γATM co-localization retained.
Discussion
We report formation of mtDNA damage, ROS generation, reduced mitochondrial content and compromised mitochondrial respiration in DRG neurons following sublethal exposure to the antimetabolite cancer drug, ara-C. A delayed formation of nuclear γH2AX/γATM foci indicative of oxidative stress signaling and activation of the DNA damage response was also observed. When considered together, these in vitro findings reveal a potential mechanism of unintended consequences of antimetabolite drugs, which while designed to abolish nuclear DNA synthesis in dividing cancer cells, inadvertently block mtDNA synthesis in post mitotic neurons. In the highly metabolic and mitochondria rich DRG neurons, impediment of mtDNA synthesis and other mtDNA Fig. 5 . Ara-C exposure compromises mitochondrial respiration and decreases NADPH and GSH levels in DRG neurons. (A) Respiratory profile for non-treated control DRG neurons (black) shows baseline OCR of~180 pmoles O 2 /min. Sequential, in port additions of mitochondrial effectors (vertical arrows), reveal that~90% of total oxygen consumption feed mitochondrial respiration: of this OCR~70% support ATP synthesis and~30% is lost to proton leak. Spare respiratory capacity (SRC), i.e., FCCP-induced increase in OCR over the baseline is~250% for control DRGs. Following ara-C exposure baseline OCR (red) drops by~30% and maximal respiration by nearly 50% (FCCP-induced), with~30% reduction in SRC and~20% increase in OCR feeding the proton leak. (Bottom) Oxygen tension in control wells is reduced by the addition of FCCP and even further by 2-deoxyglucose (2DG). Oxygen tension is reduced to a lesser extent in ara-C exposed DRGs, reflecting diminished mitochondrial OCR. (B) Each parameter calculated for control cultures was assigned the value of 100%; effects of treatment were calculated as percent change relative to each respective control. Data are presented as mean ± SEM of four independent biological experiments. (C) NADPH levels are decreased and NADP + /NADPH ratios increased by ara-C. Concomitant addition of 6AN increased these effects. Data are mean ± SEM for 3 independent experiments; * different from control; **different from ara-C; P < 0.05. (D) GSH levels were reduced by ara-C and further depleted by 6AN. Data are given as mean ± SEM calculated from 3 independent experiments; * different from control; ** different from ara-C; P < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) transactions leads to ROS generation, mitochondrial content reduction and impairments of mitochondrial function, with subsequent initiation of the DNA damage response. Using recombinant mitochondrial DNA polymerase γ and oligonucleotide substrates engineered to contain ara-C residues, we demonstrated that catalytic activities of DNA polymerase γ are blocked by ara-C residues incorporated into either the extending or templating DNA strand, suggesting that ara-C works as 'chain terminator' also in the mitochondrial compartment. DNA polymerase γ is responsible for mtDNA synthesis [17, 18] and a critical determinant of mitochondrial biogenesis and function [46, 47] . Because in postmitotic neurons, mtDNA is continuously replicated [48] , it follows that circulating ara-C that enters DRG neurons can be incorporated into mtDNA [9, 49, 50] leading to inhibition of polymerase γ-catalyzed mtDNA synthesis and subsequent reduction in mitochondrial content and compromised function. Notably, in patients carrying loss of function mutations of the catalytic subunit of mitochondrial DNA polymerase γ, sensory neuropathies [51, 52] , as well as other neurodegenerative disorders [53, 54] have been reported, highlighting the link between mitochondrial dysfunction and neurotoxicity.
Interestingly, however, the magnitude of PNS neurotoxicity induced by the different chemotherapeutic drugs varies and may depend, at least in part, on the type of DNA damage the drugs cause and availability of specific DNA repair capacities in corresponding subcellular compartments. For example, here we show that ara-C leads to formation of oxidative mtDNA damage. Oxidative DNA damage is repaired primarily by the base excision repair (BER) pathway [55] . Ample evidence confirms that the BER pathway is active in the mitochondrial compartment [56] [57] [58] . Hence, it is plausible that in DRG neurons, mtDNA damage caused by ara-C is at least partially repairable, accounting for the rather limited evidence for long-term ara-C induced PNS neurotoxicity in the clinic [59, 60] . In contrast, a different-cisplatin based class of antimitotic drugs, which form crosslinks with DNA, has been implicated in severe lasting PNS neurotoxicity [61] . Formation of DNA:cisplatin crosslinks does not require DNA synthesis and therefore, cisplatin crosslinks rapidly form in nuclear as well as mtDNA. Crosslinks removal is catalyzed mainly by the nucleotide excision repair (NER) pathway [62] , which while active in nuclei, is absent from the mitochondrial compartment [63] , suggesting that cisplatin adducts may persist in mtDNA hampering post treatment neuronal recovery. Hence, the lack of mitochondrial NER pathway might contribute to the lasting cisplatin toxicity observed in experimental models of DRG neurons [28, 30, 64] as well as in the clinic [65] .
We propose that features inherent to DRG neurons, namely the high mitochondrial content, reliance on mitochondria for energy needs and limited shielding from circulating substances by the blood nerve barrier Fig. 6 . Temporal induction of nuclear γH2AX foci in ara-C exposed DRG neurons. Representative images of time dependent formation of nuclear γH2AX foci during ara-C exposure of DRG neurons are shown (A). DRG neurons are identified by NF200 (red) and γH2AX foci are observed in green; sparse foci emerge by 12 h with density increasing in the course of 72 h ara-C exposure (scale bar = 20 µm). B) Percent of γH2AX positive nuclei increased over time with positive DRGs reaching~35%, 75% and 95% by 24 h, 48 h and 72 h, respectively. Data are obtained from three independent biological experiments and presented as mean ± SEM percent of γH2AX positive nuclei versus time. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) [16] , sensitize DRGs to drugs whose injurious effects are mediated by impediment of mtDNA transactions and impairment of mitochondrial function. Mitochondrial compromise in DRG neurons exposed to ara-C is manifested in formation of oxidative mtDNA damage, gradual reduction in mtDNA copy number and in mitochondria-encoded gene expression and reduced mitochondrial content. These changes impair mitochondrial function as reflected in compromised respiration. Analyses of mitochondrial respiratory parameters also reveal that ara-C exposure leads to increased proton leak and diminution of spare respiratory capacity. This is significant since unlike cells with substantial glycolytic capacity, DRG neurons rely mainly on oxidative phosphorylation for meeting routine and sudden energy needs, such that mitochondria attempting to maintain ATP levels under compromised conditions, may enter futile cycle where ROS generation escalates, overwhelms defense mechanisms and underlies subsequent formation of nuclear DNA damage. The observed depletion of NADPH and GSH stores and resultant unfavorable shifts in NADP + /NADPH and GSH/ GSSG ratios indicative of redox imbalance supports this possibility. Interestingly, concomitant supplementation of 6-aminonicotinamide, an inhibitor of oxidative branch of the pentose phosphate pathway [44, 45] further reduced NADPH and increased NADP + /NADPH ratios. This additive effect might suggest that depletion of NADPH following ara-C exposure, results from increased consumption of NADPH, rather than dysregulation of the pentose phosphate pathway.
Consistently with the scenario of elevated mitochondrial ROS, we detected 8-oxoguanine in mtDNA. Accumulation of 8-oxoguanine in mouse cortical neurons mtDNA under oxidative stress conditions has been reported previously [66] . Interestingly, unlike in the case of mtDNA, our analyses failed to detect 8-oxoguanine immunoreactivity in nuclear DNA of ara-C exposed DRG neurons. Because in neurons, base excision repair capacity is substantial [67, 68] and likely to support rapid DNA glycosylase OGG1-catalyzed removal of oxidized guanine from nuclear DNA [69] , it is plausible that extant levels of 8-oxoguanine are below immunodetection limits, while BER repair intermediates, such as single strand breaks persist longer. We detect gradual induction of nuclear γH2AX foci, which are indicative of chromatin rearrangements and activation of the DNA damage response [70] . Importantly, sluggish induction of γH2AX foci in the terminally differentiated DRG neurons sharply differs from rapid induction of γH2AX foci in dividing primary astrocytes, where foci form within one hour of ara-C exposure (not shown), further supporting the scenario that in post-mitotic neurons ara-C targets mtDNA, whereas nuclear manifestations of exposure are secondary to mtDNA damage. Our findings also reveal involvement of ATM in the DNA damage response in DRG neurons, since substantial nuclear γATM immunoreactivity is also observed. In addition to its role in the DNA damage response via phosphorylation of H2AX, ATM has been implicated in redox sensing, ROS control and as target for activation by oxidative stress [71] [72] [73] . Interestingly, in DRG neurons γH2AX and γATM foci co-localize not only in the course of ara-C treatment, but also in the course of the post exposure recovery. Moreover, in the course of post ara-C recovery, foci density gradually decreases with just few large co-localized γH2AX/ γATM foci remaining in DRG nuclei in the course of 48-96-h period of post exposure recovery, plausibly reflecting containment of unrepaired DNA in specialized modified chromatin domains. Importantly, clearance of γH2AX/γATM foci indicates that after drug removal, nuclear DNA damage in DRG neurons is being repaired, suggesting that DRG neurons are able to sustain their basic cellular functions in the aftermath of sublethal ara-C challenge and hence, are destined for recovery.
